The endogenous mediator nitric oxide (NO) 
Apoptosis is an evolutionary conserved form of cell death, that is essential for most multicellular organ isms to remove unwanted cells without disrupting tis sue organization, provoking scarring, and triggering inflammation [1, 2] . Pharmacological intervention with caspase inhibitors [3] , an increase of the intensity of the death-inducing stimulus [4] , or depletion of intra cellular ATP [5, 6] are known to preclude the execution of apoptosis. In many of the above cases, cell demise is not entirely prevented. but rather switched to necrosis, a mode of death often involving inflammation, scarring and prevention of tissue reconstitution [1] .
The endogenous factors which decide on the switch ing of apoptosis to necrosis under pathological condi tions are still unknown. One potential candidate is nitric oxide (NO) which is produced in high concentra-tions at inflammatory sites [7, 8] , and which is known to block apoptosis in many experimental paradigms [9] [10] [11] [12] . Prevention of apoptosis by NO may involve dif ferent mechanisms. For instance, NO lnay increase intracellular cyclic guanosine monophosphate [12] [13] [14] , deplete ATP by inhibiting the mitochondrial respira tory chain [15] [16] [17] [18] , or it may inactivate caspases [13, 19, 20] , key proteases involved in the execution of apoptosis. Moreover, it has been already proposed that prevention of apoptosis by NO may only be ephemeral in some cell t.ypes [21] , and may eventually result in necrosis.
This study was undertaken to investigate whether, and under which conditions, NO can switch apoptosis to necrosis. To examine whether NO changed the mode of cell death because of its ability to deplete ATP, we used cells energized exclusively by the mitochondrial energy substrate pyruvate, as compared to cells having access to substrates of glycolysis. We then examined which steps of the apoptotic cascade were inhibited by NO or by the resulting ATP depletion.
MATERIALS AND METHODS

Materials.
SYTOX, ethidium homodimer-1 (EH-1), and H-33342 were obtained from Molecular Probes (Eugeno, OR, USA). S-nitrosoglutathione (GSNO) and S-nitroso-N-acetyl-penicil1amine (SNAP) were synthesized and quantitnted as described before [22J. The caspase substrate DEVD-aminotrifiuoromethylcoumarine (-afc) was obtained from Biomol (Hamburg, Germany). All other reagents not further specified were from Sigma (Dciscnhofen, Germany).
Cell cultu.res. Jurkat cells woro grown in RPMI 1640 medium supplemented with 10% fetal calf serum. Before the experiments, cells were washed and resuspended in serum-and glucose-free me dium containing 2 mM pyruvate, which was named PNG (Pyruvate No Glucose) medium. The standard experimental protocol involved adaptation of the cells to this medium for 60 min, subsequent expo sure to oligomycin or NO-donors for 45 min, and then challenge with staul'osporine (STS), an agonist monoclonal antibody against CD95 (clone CH-11, Immunotech, Marseille, France), or other apoptotic 
Viability assays.
To distinguish morphologically apoptotic, ne crotic and living cells, cultures were stained with a mixture of the membrane permeant chromatin dye H-33342 (500 ng/ml; staining all nuclei) and the membrane im.penneant dye SYTOX (500 nM) (5, 22) . The percentages of necrotic (SYTOX-positive; non-condensed nuclei) and apoptotic cells (intact plasma membrane; characteristically con densed or fragmented nuclei) were determined scoring 300-500 cells in 3-6 different fields using a Leica microscope and lens providing 400 x final magnification. Histone-containing oligonucleosomal DNA-fragments were quantitated by ELISA (Boehringer Mannheim, Germany) [51 by using a lysate obtained from about 500 cells. Frag mentation data arc given in relation to untreated control cells. ATP was determined luminometrically as described before [5J.
Phosphalidylserine translocation.
Surface phosphatidylserine expression was analysed by annexin V-staining and confocal mi croscopy (TCS-4D UVNIS confocal scanning system; Leica AG, Benzheim, and Leica Lasertechnik, Heidelberg, Germany), as de scribed previously [5, 23] . Jurkat cells were immobilized on glass bottomed cell culture dishes, coated with 100 /Lg/ml polylysine and stained with H-33342, EH-I, and fluorescein-conjugated annexin V <Boehringer Mannheim, Mannheim, Germany). In the experiments shown, necrotic cells (EH-1 positive) were excluded from scoring and were always :510%.
Electrophoretic assays/Western blots. Cytoplasmic cytochrome c content and caspase-mediat.ed proteolysis were analysed by immu nobIot. For caspase specific proteolysis, Jurkat cells were lysed in a RIPA-buffer (150 mM NaCl, 50 mM Tris, 1% NP-40, 0. 25% sodium deoxycholate, 1 mM EGTA), which was supplemented with inhibi tors of other classes of proieases (1 mM phenyImethylsulfonyl fluo ride (PMSF), 1 mM benzamidine, 1 mM iodoacetate, 1 mM iodo acetamide, 40 p,M leupepiin, 10 fLghnl anti pain, 5 fLg/ml pepstatin). Before lysis, cultures were stained with 0.5 /LM SYTOX to control the percentage of cells with intact membranes, which was over 95% for all samples analyzed. For cytochrome c, we used cell fractions ob tained after digitonin lysis [241: ,Jurkat cells (4 x lOG) were harvested at 700 x g for 3 min, and resuspended in 250 IJJ phosphate buffered saline (2 mM NaH2P01, 16 mM NazHP01, 150 mM NaCl (PBS)) at room temperature. Cell were lysed by quickly adding 250 /Ll of digitonin in 500 mM sucrose (9.4 f.Lg digitonin/lOG cells) under vig orous vortexing. After 30 s at room temperature, organclIes and cell debris were separated from the lysate by centrifugation at 14,000 x g for 60 s, at 4"C. The resulting supernatant was used for Western blot analysis. Samples were separated by SDS-polyacrylamide gel electrophoresis, and electroblotted onto nitrocellulose membranes (Hybond ECL, Amersham-Buchler Corp., Braunschweig, Germany). Protein content was routinely controlled by staining of blot mem branes with Ponceau Red and by rc-developing the membranes with an anti-actin antibody (1:100,000 Chemicon Inc., Temecula, CA, clone C4). The membranes were blocked, and incubated with the primary antibodies (1.5 /Lg/ml, clone 7H8.2C12, Pharmingen, Ham burg, Germany) against cytochrome c; clone C2-10 (1:1000, Pharm ingen) against PARP; anti-procaspase-3 (1:1000, Signal Transduc tion Laboratories, Lexington, USA or Upstate Biotech # 06-735); anti-caspase-7 (1: 1000; was generously provided by Dr. G. Cohen, MRC Toxicology Unit Leicester, lJ.K [25] ), anti-caspase-8 (1:10; was generously provided by Dr. K Schulze-Osthoff, Tiibingen, Germany, [26] ). Where indicated, membranes were probed and developed against PARP and procaspase-3 simultaneously. All blots were de veloped with a polyclonal IgG-horseradish peroxidase (1:1000, Pharmingen) followed by enhanced chemiluminescence detection (ECL, Amersham).
Caspase and adenylate kinase activity. Caspase activity (DEVD afc cleavage) was assayed essentially as described before [27, 28] . Jurkat cells (1.5 X 10�) were lysed in HEPES (25 mM Jurkat cells were incubated in PNG medium 01' medium supple mented with 10 mM glucose. NO donors (0.4 mM GSNO or 0.6 mM SNAP) were added 60 min after plating. Exposure to toxins (1, control (con); 2, camptothecine (10 /LM, CAM); 3, cycloheximide (100 J-tM, CHX); 4, staurosporine (1 /LM; STS); 5, CH-ll (100 ng/ml; CD95); 6, actinomycin D (2 /Lghnl, ActD)) started after 105 min. Apoptosis was determined after 11 h by counting the percentage of cells with condensed chromatin. mM), EG'I'A (1 mM), Triton X-lOO (0.5%), leupeptin (1 /Lg/mI), pepstatin (1 /Lg/ml), aprotinin (1 fLg/ml), AEBSF' (1 mM), pH 7.5. The fiuorimetric assay was performed in micl'otiter plates with a sub stratc concent.ration of 40 J-tM and a total prot.ein amount of 5 /Lg. Cleavage was followed in reaction buffer (50 mM HEPES, 10 mM dithiothreitol (DTT), 1% sucrose, 0.1% CHAPS) over a period of 30 min at 37"C with Aex 390 nm and A�m = 505 nm. The activity was calibrated with afc-standard solutions. Adenylate kinase was detel' mined spectrophotometrically as described [24] .
RESULTS
Apoptosis of Jurkat Cells Is Prevented by NO and
Restored by Glucose
In all experiments, Jurkat cells were incubated in PNG-medium with or without glucose supplementa tion. In pure PNG medium, intracellular ATP is gen erated by the mitochondrial ATP synthase mainly [5, 6] . Under these conditions, the intracellular ATP level is normal as long as mitochondria remain fully functional. When mitochondrial respiration is fully in hibited, ATP levels can be maintained at a maximum by supplementing glucose as a substrate for glycolytic ATP generation [5, 6] . Five different apoptotic stimuli (actinomycin D, cycloheximide, camptothecine, stauro sporine (STS), anti-CD95 (CH-H», elicited apoptosis in more than 70% of the cells in either of the two media. The two NO-donors S-nitroso-N-acetylpenicillamine (SNAP) and S-nitrosoglutathione (GSNO) abolished apoptosis (Fig. 1) . The inhibition was almost com pletely reversed by addition of glucose to the PNG medium, similar to the effect of the ATPase inhibitor oligomycin described before [5] . death. GSNO, SNAP (Fig. 2) , or spermine-NO (not shown) elicited 2:75% apoptosis in glucose-containing medium. However, the same treatment elicited necro sis in glucose-free PNG medium. Thus, it is conceivable that high and sustained release/production of NO may cause cell death by necrosis under certain metabolic situations in vivo.
In contrast, incubation of cells with NO-donors for a limited time (i.e. between 4 and 11 h) followed by continued culture for 20 hours, did not result in signif icant cell death unless additional stimuli were added ( Figs. 1 and 2 ).
ATP Depletion and NO Donors Delay the Release of Mitochondrial Proteins into the Cytosol
Jurkat cells incubated with staurosporine undergo a classical apoptotic process in PNG medium regardless of the presence or absence of glucose. If GSNO (or SNAP, not shown) was added, ATP was depleted in PNG medium, but not in medium supplemented with glucose (Fig. 3A) . Accordingly, STS plus GSNO trig gered necrosis in PNG medium and apoptosis in me dium supplemented with glucose (Fig. 3A) similar to other ATP-depleting agents [5] .
A rather common step in many apoptotic cascades is the release of proteins, such as cytochrome c, from the mitochondrial intermembrane space into the cytosol [29] . Cells undergoing apoptosis also release the mito chondrial enzyme adenylate kinase (ADK) in addition to cytochrome c [24] . In PNG-medium, NO-donors sig nificantly delayed the release of ADK into the cytosol, whereas NO did not inhibit ADK-release in the pres ence of glucose (Fig. 3A) . A similar NO-dependent de lay was observed, when we measured the release of mitochondrial cytochrome c into the cytosol of STS stimulated Jurkat cells in PNG medium (Fig. 3E ).
In the next set of experiments, we examined, whether ATP-depletion caused by oligomycin would produce similar effects. Also here, the release of both cytochrome c and ADK was clearly delayed (Fig. 3C) .
If cell death was triggered by stimulating CD95 with the monoclonal antibody CH-11, NO again switched the mode of death from apoptosis to necrosis in ATP depleted cells. In parallel, the release of ADK and of cytochrome c was delayed (Fig. 4) .
Thus, NO did not modify the execution of apoptosis in the presence of glucose, which suggests that NO itself did not inactivate STS or disable CD95 signal ling, but rather acted indirectly via ATP depletion.
Necrotic Cytochrome c Release Does Not Cause Phosphatidylserine Translocation and Nuclear Condensation
Since NO or other ATP-depleting conditions delayed, but did not prevent cytochrome c release, we examined other characteristic features of the apoptotic process. NO donors in PNG medium completely inhibited (rath er than delaying) the translocation of phosphatidylser ine to the outer leaflet of the plasma membrane elicited by either STS (Fig. 5) or CH-ll (not shown). NO had no effect on the translocation in medium supplemented with glucose. Nuclear and plasma membrane changes seemed to be equally inhibited by NO, since the occur rence of PS translocation correlated closely with changes of the nuclear morphology as determined by imaging of individual cells (Fig. 5) . NO-dependent ATP-depletion consistently prevented downstream apoptotic changes, even after the delayed release of cytochrome c into the cytosol. Thus, in addition to delaying release of cytochrome c, NO affected further steps of the apoptotic cascade in PNG medium.
ATP Depletion Prevents Activation of Execution Caspases
Since the onset of necrosis was considerably delayed by NO (if compared to apoptosis observed in the ab sence of NO), we examined whether caspase activation would also be delayed or rather be entirely prevented. In PNG medium, the presence of NO completely pre vented the increase in activity of DEVD-afc-cleaving caspases, normally triggered by STS (Fig. 6A) . The accompanying oligonucleosomal DNA-fragmentation was prevented as well. However, caspases were strongly and rapidly activated, and DNA was frag mented in cells treated with STS plus NO, if the me dium was supplemented with glucose. Similar findings were obtained with oligomycin (Fig. 6A) .
In cells treated with CH-ll plus NO in PNG me dium, a small and delayed increase of DEVD-afc cleav age was observed (Fig. 6A ). This may be explained by direct activation of caspases-3/7 by upstream signal ling caspases, independent of ATP-controlled steps [30] . Nonetheless, this small increase in caspase activ ity was not sufficient to promote apoptosis. In a final set of experiments, we examined whether the lack of caspase activity after NO-driven or oligomycin-driven ATP depletion could be explained by a failure to process inactive procaspases. Different NO donors as well as oligomycin prevented the processing 90, 120 and 150 min. For the time point 60 min, the entire gel, including non-specific bands, is shown as a control for equal protein loading. The total releasable alllount of cytochrome c was determined by Triton X�100 lysis. (C) Cells were incubated as in (A) but GSNO was substituted with oligomycin (2.5 MM, olig). The amount of cyto chrome c in the cytosol was determined by densitometric analysis of the Western blot, and data are given as percentage of the total amount releasable by Triton X-lOO. Values are means of density readings from two Western blots.
FIG. 5. Inhibition of CD95 and STS-induced phosphatidylserine
translocation by NO. JUl'kat cells were stimulated with STS directly (STS) or after preincubation with GSNO (-j--GSNO), or GSNO plus glucose (GSNO -1-gluc). After 90 min and after 150 min, cells were stained with H-33342 and fluorescent anncxin V, and imaged by confocal microscopy. Cells treated with STS + GSNO did not show annexin staining before rupture of the plasma membrane (not shown). Data are representative of 6 similar independent experi ments.
of procaspase-3 and procaspase-7, and the cleavage of poly-(ADP-ribose) polymerase (PARP) in PNG me dium. In the presence of glucose, procaspase-3 was processed to the active form and the intracellular caspase-3 substrate PARP was cleaved accordingly (Fig. 6B) .
In Jurkat cells exposed to CH-ll, caspase-8 is acti vated mainly downstream of mitochondrial steps [26,30l . Accordingly, we found that the processing of this protease was modulated by NO and glucose simi lar to that of caspase-3 and caspase-7 (Fig. 6C) .
DISCUSSION
The results presented here show that the endoge nous mediator NO can potently inhibit apoptosis in cells that are primarily dependent on mitochondrial energy production (i.e. in the absence of glycolytic ATP production). In PNG medium, the NO-donors released NO at a rate of 0.5-1 fLMlmin, and severalfold higher concentrations were needed to prevent the execution of apoptosis in the presence of glucose. The inhibition of apoptosis by NO was always linked to induction of necrosis with delayed onset. Only when experiments were terminated prematurely, cell death appeared to be entirely prevented by NO. In other experimental systems, cells may be rescued permanently by NO if the triggering insult is milder, or if the insult is re moved during the lag period between block of apoptosis execution and onset of necrosis. In this context, it is important to note that NO prevented the translocation of the phagocytosis marker [1] phosphatidylserine to the outer surface of the plasma membrane. This would possibly prevent a premature phagocytosis of recover ing cells protected by NO. On the other hand, this could also preclude the rapid clearance of cells later dying by necrosis. The latter condition would facilitate inflam matory reactions, and provide the basis for the aggra vating role of NO in some chronic inflammations [8] .
Earlier work has shown that NO can modulate cell death in multiple ways. In different experimental sys tems caspase-activation and apoptosis may be either triggered by NO [31] , or entirely prevented. For in stance, S-nitrosylation of active caspases has been sug gested to delay TNF-triggered cytochrome c release [32] , and prevent apoptotic death [19] [20] [21] . An addi tional mechanism whereby NO can affect the execution of apoptosis is NO-dependent ATP-depletion (this work and M.L.: unpublished data). The two steps affected by a lack of ATP are the timely release of cytochrome c, and, independently, the activation of execution caspases downstream of cytochrome c-release.
During apoptosis, irreversible mitochondrial alter ations are marked by a release of cytochrome c from the mitochondrial intermembrane space to the cytosol [29J. This would switch the mitochondria from energy production to superoxide production [33] . Therefore, a delay in cytochrome c release in ATP-depleted cells would delay the generation of detrimental reactive ox ygen species and give cells the time to compensate a putatively lethal insult. The ATP-requirement of this early step may be linked to the important role of the mitochondrial ATPase [34] and the adenine nucleotide translocator [35] in early apoptotic processes. The de layed release of mitochondrial intermembrane proteins in our experimental system was unlikely to be modu lated by caspase nitrosylation, since STS-triggered cytochrome c and ADK release are completely indepen dent of caspase activity [24J.
The finding that in ATP-depleted cells the major part of cytochrome c was released from mitochondria to the cytosol without causing the activation of caspases-31 7/8, suggests also that downstream of cytochrome c release, and upstream of caspase-activation, there is a second ATP-dependent step. Most likely the formation of the apoptosome complex from procaspase-9, Apaf-l and ATP/dATP [36] is precluded under conditions of severe ATP-depletion. Thus, active caspases which could be inhibited by S-nitrosylation are probably not formed.
The full execution of the apoptotic program beyond this step (e.g. proteolysis of nuclear substrates) was strongly inhibited by chemical ATP-depletors [5, 6, 37 ,38J. Here we show that the endogenous media tor NO can deplete ATP in normoxic cells, which are metabolically competent and possess a functional mitochondrial respiration. Our findings that NO can switch apoptosis to necrosis by lowering intracellular ATP may be relevant to understand pathologic situa tions associated with enhanced NO production, and localized high rates of necrotic cell death.
